T HE NEUROPEPTIDE HORMONE GnRH is a hypothalamic peptide essential for normal mammalian reproductive function. The primary target of GnRH is the anterior pituitary gonadotrope, which responds to stimulation by increasing the synthesis and secretion of the gonadotropins, LH and FSH, which in turn regulate gonadal development and function (1, 2) . The gonadotropins are members of the glycoprotein hormone family that is characterized by a shared ␣-subunit and a unique, hormone-defining ␤-subunit (LH␤ and FSH␤). GnRH is also essential for gonadotrope proliferation and development, because the hpg mouse, which harbors a deletion in the mouse GnRH gene, has fewer gonadotropes in the anterior pituitary, decreased circulating levels of LH and FSH, and is infertile (3) . Cases of hypogonadotropic hypogonadism in humans can be traced to mutations in the GnRH receptor gene on chromosome 4q21 that cause GnRH resistance (4) (5) (6) .
A unique feature of the hypothalamic-pituitary-gonadal axis is the dependence on episodic release of GnRH into the portal vasculature targeting the gonadotropes of the anterior pituitary (7) . The resulting pulsatile GnRH exposure, in turn, causes episodic release of the gonadotropins into the circulation and is essential for the proper function of gonadotropes. Chronic exposure to GnRH or its analogs leads to a reversible suppression of gonadotropin release. During the estrous cycle, the surge of LH secretion essential for promoting ovulation is associated with a rise in GnRH pulse amplitude and frequency. Disruption of this hypothalamic pulsatility disrupts LH secretion (8) . At the level of gene expression, studies in primary pituitary cells and pituitary fragments have shown that pulsatile administration of GnRH is necessary for LH␤ and FSH␤ transcriptional activation. More recent studies in rats have also shown that pulsatile GnRH stimulation
Fig. 1. Frequency-Dependent Gene Expression by GnRH Pulses in L␤T2 Cells
A, Profile of the pulse pattern obtained in cell perifusion system by absorption of phenol red tracer dye at 405 nM. Peaks marked by asterisks represent a calibration with 100%, 50%, and 25% solutions of medium containing 40 nM GnRH. Dotted line represents mean peak height of 13 nM GnRH. The first minor peak after the calibration curve indicates clearance of medium from cells cultured on microcarrier beads. The inset is a regression of calibration peak values against GnRH concentration, showing linearity of peak measurements. B, Duplicate sets of RNA isolated from perifused L␤T2 cells were pulsed with 10 or 100 nM GnRH at one, two, four, or eight pulses/4 h, treated with tonic GnRH, or vehicle treated were assayed on Affymetrix MU72Av2 is required for activation of gonadotropin ␤-subunit gene expression and suggest that an interpulse frequency of 30 min is an important component in the activation of LH␤ subunit gene expression (9) .
Studies with individual promoters in cultured cells have suggested that the effects of GnRH on LH␤ and FSH␤ are distinct. The induction of the LH␤ promoter by GnRH is mediated by steroidogenic factor 1 (SF1) and early growth response 1 (Egr1) (10) (11) (12) . SF1 is essential for adrenal and gonadal development and SF1 null mice are infertile (13) (14) (15) ; however, a pituitaryspecific deletion of SF1 causes hypogonadotropic hypogonadism with decreased LH and FSH in both male and female mice (16) . Female Egr1 null mice are subfertile due to LH deficiency but have normal FSH levels (17) . Male Egr1-deficient mice, however, are fertile due to partial compensation by Egr4 in the pituitary (18) . This Egr isoform appears to be more important in males, because female Egr4 null mice are fertile but males are infertile due to testicular abnormalities (19) . A different Egr1 null mouse demonstrates a more severe phenotype with both male and female infertility (20) . The phenotype of the Egr1 null mice is less severe than LH receptor null mice, which demonstrate underdeveloped gonads and external genitalia (21, 22) , because basal expression of LH␤ by the gonadotrope appears to be required for normal gonadal development. In contrast, the FSH␤ promoter is induced by the activator protein-1 family of factors (23, 24) . Multiple complexes of c-fos, FosB, c-jun, and JunB have been detected on the mouse FSH␤ promoter (25) . However, mice null for various activator protein 1 subunits do not have reproductive phenotypes due to redundant functions within the family (26) . Additionally, activin signaling is essential for FSH␤ expression (24, 27, 28) . The activin receptor signals via both Sma-and Mad-related protein (Smad)2/4 and Smad3/4 heterodimers to regulate the FSH␤ promoter through multiple sites (29) (30) (31) .
It has been established in vivo that LH and FSH synthesis and secretion are differentially sensitive to GnRH pulse frequency (32) . Generally, slow GnRH pulse frequencies favor FSH production, whereas rapid frequencies favor LH production. However, the mechanistic basis for the ability of gonadotropes to distinguish pulse frequency is not well described, and the majority of studies of GnRH signaling are performed in static culture using tonic treatment of GnRH. Modeling of the GnRH signal transduction network suggests that cellular systems can interpret signal frequencies by exploitation of the time scales of gene expression activation and activation of signal-transducing proteins (33) . Recent examination of the response of L␤T2 gonadotropes to GnRH stimulation indicates that gonadotropes exhibit a graduated response to increases in amplitude (34) . However, the role of pulse frequency was not examined in depth over longer treatment times.
It is clear from previous work in vivo and in primary culture of pituicytes that gonadotropin gene expression is differentially regulated by GnRH pulse frequency. Genomic surveys of GnRH-stimulated gene expression have been conducted in L␤T2 cells, but none have directly addressed the role of pulsatility (35) (36) (37) (38) . Therefore, we examined the genome-wide impact of pulsatile GnRH to provide a clear assessment of the role of GnRH pulsatility in gonadotrope gene expression. Using a perifusion system to administer pulsatile GnRH without mechanical, thermal, or atmospheric disturbance, we have examined the frequency-dependent changes in L␤T2 gonadotrope cell gene expression. This analysis has revealed that stable activation of Egr mRNAs and proteins, immediate early genes responsible for activation of the LH␤ promoter, requires fast GnRH pulse frequencies. In contrast, the Ngfi-A-binding protein (Nab) family of Egr corepressors is readily activated by a single pulse or low-frequency stimulation. Additionally, the SF1 corepressor, Dax1 (dosage-sensitive sex reversal-adrenal hypoplasia congenita-critical region on the X-chromosome gene 1), is also stimulated by low-frequency GnRH pulses but is reduced at high frequency. Repression of the frequency-dependent increase in LH␤ promoter activity by Nab and Dax suggests that they contribute to the lack of response at low pulse frequencies. The different sensitivity of Egr and Nab to GnRH pulses suggests a model of frequency-dependent transcriptional modulation in which gonadomicroarrays and compared using VAMPIRE. A heat map showing the results of unsupervised hierarchical clustering of 1127 genes regulated by 100 nM GnRH pulses by Pearson correlation is shown. Green indicates below and red indicates above median level of expression. The list of genes regulated by 10 nM and 100 nM GnRH are provided in supplemental Tables S1 and S2 , respectively. C, Pairwise comparison of regulated genes in each treatment group under pulsatile 100 nM GnRH treatment. Genes in each treatment group determined to be significantly regulated in the VAMPIRE analysis were compared in each paired combination. The number of genes found to be different between each pair is reported in the chart and is found by cross-indexing of treatment groups. The comparison of untreated cells with each pulse frequency is shown in the bottom row. The comparison of a single pulse with the other frequencies is shown in the second row from the bottom. Comparisons of each subsequent group proceeds upward in the chart. A list of genes different in each pairwise comparison is provided in supplemental Table S3 . D, Multiple patterns of gene expression are present under GnRH pulse regimes. Artificially constructed gene expression profiles were used to identify groups of genes with similar patterns of expression under various GnRH pulse regimes. Genes exhibiting a Pearson coefficient of 0.90 or greater are identified, and their patterns of expression are displayed in the panels under each pattern description. Consistent with the pairwise analysis in panel C, the greatest number of genes are identified under the four pulse per 4 h treatment regime, 208 genes are found to increase in expression at four pulses, whereas 138 genes re-down-regulated at the same frequency. Genes exhibiting each unique pattern of expression are identified in supplemental Table S7. T, Tonic; V, vehicle. tropes exhibit resistance to low frequency or random signaling input but respond to high-frequency input by increasing LH ␤-subunit mRNA synthesis.
RESULTS

The Effect of GnRH Pulse Frequency on Gene Expression in L␤T2 Gonadotrope Cells
Cells were placed in perfusion culture in serum-free medium for 1 h and then pulsed with 10 or 100 nM GnRH for 5 min. Pulses were repeated every 30, 60, 120, or 240 min for 4 h or cells were treated with tonic GnRH for 4 h. An example pulse profile is shown in Fig.  1A . Total RNA isolated from two independently performed experiments was hybridized to Affymetrix MU74Av2 oligonucleotide chips, which sample 12,000 genes and expressed sequence tags. Analysis of differential expression using the VAMPIRE Bayesian variance modeling approach (39) identified 1127 genes that were altered with GnRH, either by 4 h of pulses or tonic treatment, compared with basal, unstimulated cells in perfusion using Bonferroni multiple testing correction (␣Bonf Ͻ 0.05) (supplemental Table S1 published as supplemental data on The Endocrine Society's Journals Online web site at http://mend. endojournals.org). Analysis of data from the 10 nM GnRH pulses identified 497 genes that were altered by GnRH (supplemental Table S2 published as supplemental data on The Endocrine Society's Journals Online web site). Using a less stringent false discovery rate (FDR) correction increases the number of significantly altered genes to 3688 and 2393 for 100 nM and 10 nM GnRH pulses, respectively. We observe a significant 1.5-fold increase in LH␤ at a GnRH pulse interval of 60 min using a 5% FDR cutoff, and 1.3-fold increase at longer pulse intervals that is not statistically significant at this cutoff. This increase is consistent with reports from primary cultures and in vivo studies showing an approximately 40% induction in LH␤ steady-state mRNA levels in response to pulsatile GnRH treatment. Similar to reports by others, FSH␤ expression was below the reliable sensitivity of the microarray assay.
The median normalized expression profiles of the altered genes were grouped using hierarchical clustering (Fig. 1B) . A large cluster of genes is evident at the bottom of the figure for which expression increases with increasing number of pulses to a maximum at eight pulses or tonic. A second large cluster in the center of the Fig. 1B contains genes the expression of which decreases with GnRH treatment. The third largest cluster at the top of the figure contains genes the expression of which increases with pulses of GnRH but appears to reach a maximum at four pulses with no further increase at eight pulses or with tonic treatment. This suggested the presence of genes that are induced maximally at a particular pulse frequency. Because these genes might be involved in pulse decoding by the gonadotrope, we were interested in identifying genes with such profiles. Initially, we performed a pairwise comparison of genes altered at each pulse ( Fig. 1C and supplemental Table S3 published as supplemental data on The Endocrine Society's Journals Online web site). These pairwise comparisons are useful for determining the frequency at which a gene is first seen to change. A single pulse of GnRH followed by 4 h of serum-free medium altered 57 genes. Adding more pulses during the 4-h perfusion causes an increase in the number of altered genes. There was a noticeable jump in expression when pulses were given every 60 min compared with every 120 min (193 genes). There were only 11 genes for which expression was increased by tonic GnRH treatment compared with pulses given every 30 min, suggesting that exposure to GnRH at this frequency provides maximal stimulation.
The genes altered by GnRH were mapped to Gene Ontology (GO) classifications to determine whether particular groups were overrepresented (supplemental Table S4 published as supplemental data on The Endocrine Society's Journals Online web site). One or two pulses of 100 nM GnRH altered the smallest number of genes; therefore, the GO terms contained few genes. The only significant terms were apoptosis and cyclin-dependent kinase inhibition. As the number of pulses increased, additional terms, including kinase regulation, protein dimerization, and cell cycle regulation, became significant. Finally, cytoskeletal actin rearrangements became significant with tonic GnRH. A similar progression of terms was observed with pulses of 10 nM GnRH with the notable exception that steroid metabolic enzymes were significantly altered with 10 nM GnRH pulses every 30 min. We also mapped the dataset using GeneSet Enrichment Analysis. This analysis used all 12,000 probes rather than the list of GnRH-dependent genes. We focused on a set of 1137 curated gene sets and pathways. The gene sets that are enriched in our dataset are listed using a 5% FDR cutoff (supplemental Tables S5 and S6 published as supplemental data on The Endocrine Society's Journals Online web site). As we had observed for the GO mapping, few gene sets were enriched with one or two pulses of GnRH. Increasing the number of pulses increased the number of significant gene sets. Ribosomal proteins are elevated consistent with the known effects of GnRH on translation, as are components of the TGF␤ pathway and immediate early genes induced by adipocyte differentiation. At higher pulse frequencies, a set of genes, identified as phorbol ester target genes, are elevated, consistent with the known activation of protein kinase C by GnRH. Similar gene sets are enriched with 10 and 100 nM GnRH.
We took a different approach to identify genes for which expression showed a stepped change in expression; that is, expression increased at a particular frequency and stayed constant thereafter. To accomplish this, we created 10 synthetic expression profiles that showed the desired stepped increased and de-creased expression at one, two, four, and eight pulses or tonic treatment over the 4-h treatment time. We then looked for genes for which expression profiles correlated with each synthetic profile. Genes with correlation coefficients above 0.9 were considered matching the synthetic profiles and examined. Expression profiles for these groups of genes are shown in Fig. 1D , and the list of genes with their correlation coefficients is provided in supplemental material (supplemental Table S7 published as supplemental data on The Endocrine Society's Journals Online web site). Inspection of these genes revealed a number of transcription factors that regulate the LH␤ promoter. The Egr1 and Egr2 genes are increased at fast pulse frequencies (30 and 60 min or four and eight pulses/4 h). SF1 is decreased with tonic treatment. Two Egr corepressors, Ngfi-A binding protein (Nab) 1 and 2, are induced at slow pulse frequencies (one and two pulses/4 h). Indeed, the Nab2 gene shows the highest correlation (r ϭ 0.979) to the synthetic profile that shows a stepped increase in gene expression at pulse frequency of 120 min. Similarly, Nab1 increases with a single pulse of GnRH and shows a good correlation with the synthetic profile (r ϭ 0.923) for a stepped increase with a single pulse. The Nab proteins are corepressors of the Egr family of transcription factors. Because of the obvious importance of these genes to the regulation of LH␤ expression, we verified their expression patterns by quantitative PCR (Q-PCR). All genes showed similar changes by Q-PCR and microarray (Fig. 2) . It should be noted that Egr1 and Egr2 are significantly activated at the 1 h frequency, but Patterns of gene expression under zero, one, two, four, and eight pulses/4 h or tonic treatment regimes with 100 nM GnRH are compared from the microarray analysis and from confirmatory Q-PCR of independent samples. The immediate early genes Egr1 (panel A) and Egr2 (panel B) and their corepressors Nab1 (panel C) and Nab2 (panel D) are confirmed to be sensitive to high-and low-frequency pulses, respectively. The regulation of the transcription factor SF1 (panel E) and its corepressor Dax 1 (panel F) are also shown. Dax 1 expression was not identified as significant in the microarray analysis; however, analysis by real time Q-PCR identified a significant increase under low-frequency pulses. *, Significant difference (P Յ 0.05) from vehicle-treated control; #, significant difference from the preceding treatment group in panels A and B; ‡, significant difference or GnRH-treated groups from four pulse/4 h treatment in panels C and D. chip, Chromatin immunoprecipitation; T, tonic.
maximal activation occurs at the 30 min frequency for Egr1 and at the hourly frequency for Egr2. Both mRNAs exhibit sensitivity to increased pulse frequency. The Nab mRNAs appear to have peak activation levels at the hourly frequency. The single pulse and tonic treatments are significantly lower than the 1-h pulse frequency for Nab1, and the tonic treatment is lower than the 1-h frequency for Nab2. The differences in activation levels between the 2-h, 1-h, and 30-min pulse frequencies are not statistically significant for Nab 1 and Nab 2, indicating they are not sensitive to increased pulse frequency.
Another significant activator of LH␤ gene expression, SF1, was found to be down regulated at the highest pulse frequency. This was confirmed by Q-PCR (Fig. 2E) . Because of the association of Nab1 and Nab2 gene expression with Egr1 and Egr2 gene induction, we looked for a similar relationship between SF1 and its well-known corepressor, Dax1. In the Q-PCR analysis Dax1 showed a 2-fold increase in gene expression in response to GnRH pulses, but tonic stimulation caused a significant decline in mRNA level, similar to the decline in SF1 mRNA (Fig. 2F ).
The Kinetics of Gene Expression after a Single Pulse of GnRH
In the pulse regimes examined, mRNAs increased by a single pulse of GnRH may subsequently rapidly decay, such that after 4 h, little evidence of their change in expression is detectable. By this argument, genes that have a short half-life (typically the immediate early genes) are rapidly induced but also rapidly decay, allowing the levels of the mRNA to be regulated acutely. Therefore, we subjected cells in monolayer culture to a single 5-min pulse of either 100 nM or 10 nM GnRH and then harvested RNA at various times thereafter. Expression of Egr1, Egr2, Nab1, Nab2, and Dax1 were measured by Q-PCR. SF1 was not measured because it did not show pulse sensitivity in the initial experiments. As expected, the immediate early genes Egr1 and Egr2 were induced rapidly, within 15 min, showed maximal expression around 60 min, and then decreased rapidly by 120 min (Fig. 3, A and B) . At the higher dose of GnRH, both Egr1 and Egr2 maintained elevated expression even at 4 h. At the lower dose of GnRH, expression levels showed the same rapid onset, but reached a lower maximum at 30 min and had returned to basal levels by 90 min. This result explains why Egr1 and Egr2 are significantly elevated at pulse intervals of 30 or 60 min. At the two lower frequencies, 120 or 240 min have elapsed since the previous pulse; therefore, Egr1 and Egr2 levels have returned to near basal levels when RNA is harvested. In contrast, Nab1 and Nab2 show a delayed increase after a single pulse of GnRH (Fig. 3 , C and D). No expression is detected until 90 min, and expression is then constant until 4 h. The kinetics of induction are similar at the two doses of GnRH, but the maximal induction is less at the lower dose. Dax1 did not show an induction with a single pulse of GnRH, but did show a small but significant decrease in expression after 120 and 240 min at the 100 nM GnRH dose (Fig. 3E) .
Induction of Egr, Nab, and Dax1 Proteins by GnRH
Egr1 is a well-documented regulator of LH␤ gene expression, and the GnRH-dependent increase in LH␤ promoter activity is partly dependent on the binding and activation of the LH␤ promoter by Egr1. Mutation of the Egr binding site in the LH␤ promoter or blockade of Egr activation inhibits the GnRH-dependent increase in LH␤ promoter activity (11, 40) . Additionally, the rapid and transient increase in Egr1 gene expression in response to GnRH treatment suggests a mode of Egr1 regulation of LH␤ gene expression consistent with the dependence on pulsatile stimulation found in vivo. Interestingly, the increase in Nab gene expression in response to low GnRH pulse frequencies can be interpreted as either attenuating, in the better understood role as corepressors of Egr activity, or as synergistic, as proposed based on studies performed in CV1 cells (41) . However, any model of Egr and Nab protein interaction requires the determination of protein expression levels under similar GnRH stimulatory conditions. Although both microarray and Q-PCR evaluation of Egr and Nab gene expression clearly show differential activation in response to GnRH pulses, this may not be reflected in protein expression levels. GnRH stimulation of L␤T2 cells activates capdependent translational activity through activation of the cap-binding proteins eIF4E, eIF4G, and Mnk1 (42) . Maximal activation of cap-dependent translation initiation proteins occurs within 15-30 min after stimulation with GnRH. Through this activation, GnRH can cause more efficient utilization of mRNA already present in the cell, and therefore increases in protein synthesis may not be closely linked with changes in mRNA production. In this case, although mRNA synthesis may display strong dependence on GnRH pulse regime, such differences may not be reflected in actual protein levels. To address this, we examined the induction of Egr1, Nab1, Nab2, SF1, and Dax protein levels in response to either a single GnRH pulse or to tonic treatment (Fig. 4A) . Western blot analysis of L␤T2 cells treated with tonic 100 nM GnRH for up to 6 h shows a strong induction of Egr1 beginning at 60 min after treatment, coincident with maximal induced level of mRNA shown in Fig. 3 . Induction of Nab1 and 2 occurs later, 2 h after GnRH treatment, in agreement with the mRNA levels in Fig. 3 . The appearance of Egr1 precedes the induction of the Nab2 gene at both the RNA and protein level. Egr1 has been shown to positively regulate Nab2 expression as part of a negative feedback loop (43) . The increase in both protein levels is delayed approximately 30-60 min after the increase in mRNA (Fig. 3) , which accentuates the differential rate of mRNA expression by GnRH. At the protein level, SF1, and Dax1, a corepressor of SF1, do not appear to change significantly in response to GnRH treatment, although the Dax mRNA levels show small changes, as determined by the response to tonic or single pulse GnRH treatment in Fig. 3 .
Changes in protein levels are striking and persistent in the presence of tonic GnRH, especially for the immediate early gene Egr1. However, transient stimulation by GnRH may lead to a distinct response of protein production. The mRNA response of Egr1 to pulsatile GnRH suggests that sustained increases in Egr1 require high-frequency pulses, whereas the Nab corepressors are induced at a single or low-frequency pulse and remain steady. To follow the kinetics of changing protein levels in response to a single GnRH pulse, plated L␤T2 cells were treated with a single 100 nM pulse of GnRH for 5 min and followed for 4 h post treatment. Under this paradigm, the level of Egr1 protein is transiently induced to maximal levels lower than seen for the corresponding tonic GnRH treatment (Fig.  4B ), but in a pattern consistent with that seen for induction of mRNA under similar treatment conditions (Fig. 3A) . Nab1 and Nab2 are also induced in a manner L␤T2 cells were treated for 5 min with a single pulse of 10 nM (OE) or 100 nM (f) GnRH. RNA was harvested at the times indicated, and specific mRNA content was determined by Q-PCR. The results of at least three independent determinations are displayed with error bars indicating SEM. Asterisks indicate significant change in mRNA content in comparison with control untreated values as determined by permutation testing. Significance was declared at P Յ 0.05. Egr mRNAs exhibit a rapid decay after a single pulse, whereas Nab mRNAs are increased and remain stable up to 4 h after treatment. consistent with induction of mRNA levels, approximately 4-fold (supplemental Fig. S1 published as supplemental data on The Endocrine Society's Journals Online web site), similar to maximal mRNA levels achieved under the same treatment conditions (Fig.  3D ). SF1 and Dax1 protein levels do not change in response to a single GnRH pulse (Fig. 3E) .
In general, the levels of the proteins mediating GnRH-induced activation of the LH␤ promoter follow patterns of induction consistent with the induction patterns of their corresponding mRNAs. Most significantly, Nab mRNA and protein are induced by a single GnRH pulse (Fig. 3) and are induced at both low and high pulse frequencies (Fig. 2) . In contrast, Egr1 mRNA and protein levels are increased transiently by a single GnRH pulse (Fig. 3) and are maintained at high levels by high pulse frequencies (Fig. 2) .
The Nab and Dax Proteins Repress LH␤ Promoter Activation by GnRH in L␤T2 Cells
The role of the immediate early protein Egr1 in activation of the LH␤ promoter is well established. Studies of steady-state LH␤ mRNA levels in vivo and in microarray studies of endogenous LH␤ mRNA expression in L␤T2 cells indicate that LH␤ mRNA increases approximately 1.5-fold in response to GnRH treatment. Examination of promoter activity by nuclear run-on assay or by measurement of the primary unspliced LH␤ transcript suggests that the LH␤ induction by GnRH is greater than the 1.5-fold change in mRNA. In studies of the GnRH induction of LH␤ promoter activity, it has been clearly shown that Egr1 binding to the LH␤ promoter is essential for activation (11, 40) 
Additionally, the orphan nuclear receptor SF1 is essential for the appropriate expression of LH␤ and for GnRH-induced promoter activity, but the role of Dax1 (44) is not clearly understood in the context of gonadotropin gene expression. To firmly establish the roles of both Nab and Dax proteins in activity of the LH␤ promoter, we examined the ability of Nab1, Nab2, or Dax1 to repress GnRH-induced LH␤ promoter activity. We cotransfected the 1.8-kb rat LH␤ promoter driving the luciferase reporter gene into L␤T2 gonadotrope cells with either an empty pcDNA3 expression vector or with vectors encoding Nab1, Nab2, and/or Dax1 (Fig. 5A) . Treatment of transfected cells with 100 nM GnRH for 6 h resulted in a strong induction of promoter activity. Induction of LH␤ promoter activity by GnRH was significantly attenuated by cotransfection of Nab2 or Dax1. Attenuation of the GnRH response was greatest by Dax1. Combination of Dax1 with Nab1 or Nab2 did not cause greater attenuation of GnRH-induced promoter activity than that seen with Dax1 alone.
To demonstrate that overexpression of corepressor proteins directly affects the action of the cognate activators, we also examined the ability of the Nab proteins and Dax1 to directly block activation of the LH␤ promoter by Egr1 and SF1. The 1.8-kb LH␤ promoter was cotransfected with empty expression vector or with expression vectors encoding Egr1 and SF1 (Fig.  5B) . Coexpression of Egr1 and SF1 caused a 7-fold induction of LH␤ promoter activity. Coexpression of Egr1 and SF1 with Nab1, Nab2, or Dax1 alone reduced LH␤ promoter activity more than 50%. Combinations of corepressors did not cause further repression. Taken together these data indicate that, in the context of the L␤T2 gonadotrope cell line, Nab proteins inhibit Egr1-mediated induction of the LH␤ promoter, as does Dax1. Similar results were obtained using a reporter plasmid bearing the mouse LH␤ promoter truncated at bp Ϫ150 (Fig. 6A) . This promoter bears only the SF1, Egr1, and homeobox binding sites of the promoter (45), therefore allowing direct examination of L␤T2 cells were stimulated with tonic 100 nM GnRH for 6 h or stimulated with a single 5-min pulse of 100 nM GnRH and harvested after 6 h. Whole-cell extracts were analyzed for Egr1, Nab1, Nab2, SF1, and Dax1 content by Western blotting and chemiluminescent detection. Transient induction of Egr1 was observed under GnRH pulse conditions, whereas tonic treatment causes a stable increase in protein. In contrast, both tonic and pulse GnRH stimulation caused similar changes in Nab expression, indicating a lack of pulse sensitivity. Quantification of fold stimulation of Nab proteins is provided in supplemental Fig. S1 these regulatory sites independently of other regulatory elements found upstream. As in the rat Ϫ1.8 kb promoter study, Nab2 overexpression caused greater suppression of GnRH-induced activity than Nab1, and Dax1 caused the greatest attenuation of GnRH induction. Combination of Dax1with Nab1 and Nab2 did not cause a further suppression of GnRH induction.
Transfection of dominant-negative Nab 2 mutant E82K, which does not bind Egr proteins but dimerizes with endogenous Nabs (46) , causes an increase in GnRH-stimulated promoter activity by interfering with repression by the endogenous Nab proteins (Fig. 6B) . Transfection of the Nab2 deletion mutants d1, Nab⌬NCD2, or Nab⌬CID also increases the GnRHstimulated promoter activity. These mutants lack the YRVLQRANL motif in the NCD-1 Egr-binding domain, the entire NCD2 repression domain, or the entire CID domain that interacts with the CHD4 subunit of the nucleosome-remodeling complex (46, 47) .
We examined the direct role of Egr1 and Egr2 in GnRH induction of the LH␤ promoter by cotransfection with small interfering RNAs (siRNAs) targeted against their mRNAs. Cotransfection of Egr1 siRNA with the Ϫ150-bp promoter reduced GnRH induction to 64% of control. Cotransfection with Egr1 siRNA did not significantly reduce GnRH induction. However, cotransfection with both Egr1 and Egr2 siRNAs in combination further reduced GnRH-induced promoter activity to 41% of control, suggesting that both factors may mediate GnRH effects (Fig. 6C) . All Egr combinations caused a decrease in basal promoter activity compared with control, suggesting that both factors are positive regulators of LH␤ promoter activity. Cotransfection with Nab1 or Nab2 siRNAs alone does not alter promoter activity but in combination leads to an increase in both basal and GnRH-stimulated activity of the promoter, supporting their inhibitory roles in regulating LH␤ promoter activity and suggesting redundancy among the corepressors as well as the activators. Cotransfection with Dax 1 siRNA leads to an increase in promoter activity in comparison to control, and all combinations of Nab1, Nab2, and Dax1 cause increased basal and GnRH-induced promoter activity, supporting their role as negative regulators of promoter activity.
The Nab2 and Dax1 Proteins Block GnRH Pulse Sensitivity of the LH Promoter in L␤T2 Cells
At the genomic level, GnRH pulsatility is essential for transcriptional activation of LH␤, and both LH␤ and FSH␤ gene promoters show differential sensitivity to GnRH pulse regimes. In our perifusion system, we have demonstrated a genome-wide response to GnRH pulse regimes that is unique to each pulse frequency and amplitude. Although steady-state levels of gonadotropin mRNAs increase only moderately in vivo and in cultured cells, the changes are consistent and dependent on the action of Egr1 and SF1. The pulse-dependent increases in Egr and Nab family members, as well as Dax1, suggest a coordinated role in the regulation of gonadotropin gene expression.
To test this model of coordinated pulse frequencydependent activation of LH␤ promoter activity, we first determined the ability of our perifusion system to re- A, L␤T2 cells were cotransfected with the rat Ϫ1.8-kb LH␤ promoter reporter vector and expression vectors encoding Dax1, Nab1, or Nab 2 and incubated for 48 h. Cells were serum starved overnight and subsequently treated with 100 nM GnRH for 6 h. The ratio of luciferase to cotransfected CMV-␤-galactosidase control reporter vector normalized to untreated, pcDNA3 null-expression vector-transfected controls is shown. Mean values are plotted with error bars representing SEM. Each bar marked with * indicates significant difference between GnRH treatment and its respective vehicle-treated control (P Յ 0.05). Bars marked with # indicate significant difference from pcDNA3-transfected, GnRHtreated control (P Յ 0.05). B, Dax1 and Nab family members attenuate Egr-and SF1-mediated activation of the Ϫ1800-bp LH␤ promoter. L␤T2 cells were cotransfected with the Ϫ1.8-kb LH␤ promoter reporter plasmid and an expression plasmid expressing Egr1 or Egr2, or SF1 either singly or in combination. Addition of Dax1, Nab 1, or Nab2 singly or in combination attenuated the level of activation. Groups with bars designated with # indicate significant differences (P Յ 0.05) between activator-repressor cotransfected groups marked in gray from their respective transcriptional activatoronly group marked in white.
capitulate the pulse-frequency dependence of LH␤ promoter activation. We transfected reporter genes under control of the Ϫ1.8-kb rat LH␤ promoter or the Ϫ394-kb mouse FSH␤ promoter into L␤T2 cells and subjected them to 4 h of GnRH pulses at a frequency of 30 and 120 min. After 6 h, cells were harvested and assayed for reporter gene activity relative to a cotransfected ␤-galactosidase reporter gene under control of the cytomegalovirus (CMV) promoter. Using high-amplitude 100 nM GnRH pulses, we were unable to detect a frequency-dependent activation of LH␤ reporter gene activity (data not shown). However, under lower amplitude, 10 nM GnRH pulses, we were able to show a significant pulse frequency-dependent induction of LH promoter activity, 2-fold occurring at the 120 min frequency and 3-fold occurring at the 30 min frequency, whereas the FSH␤ promoter maintained similar activity at either frequency (Fig. 7A) . We then ex- A, L␤T2 cells were cotransfected with the rat Ϫ150-bp LH␤ promoter reporter vector and expression vectors encoding Nab1, Nab 2, and Dax1 and incubated for 48 h. Cells were serum starved overnight and subsequently treated with 100 nM GnRH for 6 h. Each bar marked with * indicates significant difference between GnRH treatment and its respective vehicle-treated control (P Յ 0.05). Bars marked with # indicate significant difference from pcDNA3-transfected, GnRH-treated control (P Յ 0.05). B, L␤T2 cells were transfected with the Ϫ150-bp LH␤ promoter and either pcDNA3 or an Egr1 expression plasmid. Groups were also cotransfected with expression vectors encoding Nab1, Nab2, or Nab2 mutants. Bars marked with * indicate significant difference from respective pcDNA3 cotransfected control (P Յ 0.05). Bars marked with # indicate significant difference (P Յ 0.05) from Egr1 expression vector alone. C, Cotransfection with siRNA directed against Egr, Nab, and Dax1 mRNAs inhibits GnRH induction and increases basal activity of the LH␤ promoter. L␤T2 cells cotransfected with the Ϫ150-bp LH␤ promoter and the siRNA noted were treated with vehicle or GnRH for 6 h and assayed for relative luciferase activity. Bars marked with * indicate significant difference (P Յ 0.05) of GnRH treatment from respective vehicle-treated control. Bars marked with # indicate significant difference from GnRH-treated PP2A control (P Յ 0.05). Bars marked with § indicate significant difference from vehicle-treated PP2A control (P Յ 0.05). The bar marked with ‡ indicates significant difference from the GnRH-treated, Egr1-cotransfected group. "si" Prefix indicates small interfering. dNCD, Deleted nuclear colocalization domain; dNCID, deleted CH4 interacting domain.
amined the ability of Nab2, the family member showing the greatest repression of Egr1 activity in our model system, to inhibit frequency-dependent activation of the LH␤ promoter. Consistent with the model that the high-frequency activation of the LH␤ promoter is due to the increased stimulation of immediate-early gene expression, cotransfection of Nab2 abrogates the high-frequency activation of the LH␤ promoter, but does not affect the level of induction occurring at low pulse frequencies (Fig. 7B) . Additionally, the level of LH␤ promoter induction seen at high pulse frequency in the presence of overexpressed Nab2 is similar to the level seen at the low pulse frequency. We also examined the ability of Dax1 overexpression to inhibit LH␤-promoter activation in response to GnRH pulses and found, as in the case of tonic administration of GnRH, that overexpressed Dax1 partially inhibits the induction of LH␤ promoter activity (Fig. 7B) . Therefore, activation of LH␤ promoter activity at high pulse frequencies can be attributed to both the increase in Egr expression to levels sufficient to overcome inhibition by Nab and Dax1 inhibition of SF1.
DISCUSSION
We have presented data showing that GnRH pulse frequency and amplitude differentially activate gene expression in L␤T2 gonadotropes. This observation indicates that the gonadotropes are capable of interpreting different pulse regimes and are sensitive to alterations in GnRH pulse frequency and amplitude. The complement of genes increased and decreased in expression under each condition reflects the current status of hypothalamic GnRH input and, ultimately, may influence the overall status of the reproductive endocrine axis by modulating pituitary output of gonadotropins. Although distinct changes occur at each frequency, the most significant changes in gene expression occur at an interpulse interval of 60 min, where 193 genes are significantly altered over the 120 min frequency, and overall 615 genes are significantly altered relative to basal unstimulated cells. An interpulse interval of 30 min or tonic exposure causes only smaller increments of increased gene expression (38 and 11 genes, respectively), indicating that a maximal level of activation occurs at hourly pulses. Thus, the 60-min pulse frequency is a transition point in gonadotrope response to pulsatile GnRH and may represent a threshold level leading to maximal activation of GnRH-regulated gene expression. This observation is consistent with observations in primary culture (32, 48, 49) and in vivo (9) showing that higher frequencies favor increased LH␤ mRNA production and LH secretion. We present data suggesting a mechanism responsible for this preferential response of the LH␤ gene, and we propose a model describing how this serves as the basis for discrimination of pulse frequency by gonadotropes (Fig. 8) .
The differential sensitivity of both Egr and Nab to GnRH pulse frequency may be central to determining the frequency-dependent response of LH␤ mRNA expression. An essential component of this model is that Nab2 is induced directly by Egr1 in a negative feedback loop (43) . The Nab1 and Nab2 mRNAs are increased by a single pulse of GnRH and are sustained independently of pulse frequency (Fig. 2, C and D) . On Fig. 1 were transfected with the Ϫ1.8 kb LH␤ or Ϫ398 bp FSH␤ promoter reporter vectors and serum starved for 16 h. Cells were then perifused while pulsed with vehicle or 100 nM GnRH at 120-or 30-min pulse intervals. After 6 h, cells were harvested and assayed for reporter vector activity. A, The LH␤ promoter exhibits a pulse-dependent increase in activity that is not exhibited by the FSH␤ promoter. #, Significant difference (P Յ 0.05) between 120-and 30-min pulse. B, Cotransfection with Nab2 or Dax1 blocks frequency-dependent activation of the LH␤ promoter. Cells transfected as above except with the addition of pcDNA3 null expression vector or vector encoding Nab2 or Dax1 were serum starved 16 h and perifused for 6 h while pulsed with vehicle or 10 nM GnRH at 120-min or 30-min pulse intervals. Luciferase activity normalized to nonpulsed null vector control is plotted. Mean values are plotted with error bars representing SEM. *, Significant difference (P Յ 0.05) of Dax1-transfected, vehicle-pulsed cells from pcDNA3 transfected vehicle-pulsed cells. #, Significant difference (P Յ 0.05) between Nab2-and Dax1-transfected, 30-min pulsed cells from 30-min null vector-transfected cells. Both Dax1 and Nab2 attenuated the activation at 30-min pulse intervals, and Nab2 had no effect on activation at 120-min pulse intervals. V, Vehicle. the other hand, Egr1 and Egr2 mRNAs are only transiently activated at low pulse frequencies (Fig. 3, A and  B) . At low amplitude (10 nM), Egr mRNA levels quickly return to basal and at high amplitude (100 nM), mRNA levels are sustained at about 25% of maximal activation at 4 h. This transient increase in Egr mRNA and protein is sufficient to induce a negative feedback loop via induction of Nab2 expression. At the low and transient levels of expression induced by slow 10 nM pulses, Egr action is thus inhibited by the presence of the costimulated Nab proteins. However, at higher pulse frequency, Egr mRNA is strongly induced by GnRH and sustained at a high level that may exceed the capacity of Nab to suppress transcriptional activation (Fig. 2, A and B) . The high level of Egr protein induced by GnRH also suggests that such an action can be governed by simple mass action equilibrium between Egr and Nab.
Activation of Nab1 and Egr1 by GnRH has been reported in ␣T3-1 cells, a cell line of the gonadotrope lineage that does not express LH␤ or FSH␤ (40) . In ␣T3-1 cells, Egr1 is only transiently stimulated under tonic conditions, but Nab 1 is stimulated and remains stable. Further, Nab1 was shown to suppress Egr1 activity, consistent with their complementary roles in vivo regulating hindbrain development (50) . Our observations in L␤T2 cells differ from ␣T3-1 cells in that Egr1 is stably activated under tonic stimulation and is consistent with the observation in ␣T3-1 cells that Nab1 is stably activated. Others have noted increased Egr1 and Nab1 expression in L␤T2 cells, but their treatments were also made under tonic stimulatory conditions (36, 37), and they did not note the sustained activation of Egr1.
In contrast to our results and that of others, Nab2 can induce expression of a truncated LH␤ promoter in CV1 monkey kidney fibroblasts, and specificity of action to the LH␤ promoter was demonstrated (41) . The status of other factors such as SF1, smads, and homeodomain proteins known to interact at the promoter proximal to the Egr binding sites is not known, and that study was conducted outside the context of GnRH stimulation of gonadotropes. Moreover, evidence for such an action of Nab has not been demonstrated in vivo. Our results showing inhibition with Nab1 and 2 is consistent with other studies examining the role of Nab proteins in vivo (50) .
The pattern of SF1 gene expression and its corepressor Dax1 also suggests a role in basal promoter regulation. LH␤ gene expression is dependent on SF1, which is important in the development and differentiation of the anterior pituitary gonadotropes (51) . In contrast to Egr1, SF1 is important for the basal activity of the GnRH promoter. Expression of SF1 is not significantly increased in response to GnRH, but trends toward suppression at high pulse frequencies and is significantly suppressed under tonic stimulation. Similarly, SF1 protein levels do not appear to be markedly changed by GnRH either under tonic or pulsed GnRH administration (Fig. 4, A and B) . Although this would Under a low pulse frequency, transient stimulation of Egr1 expression leads to a secondary increase in Nab2 protein. The transiently increased Egr1 level is insufficient for sustained activation of the LH␤ promoter due to the repression by Nab2 and Dax1. Under high pulse frequency, high Egr1 expression is sustained but does not lead to further increases in Nab expression. The increased Egr1 level quenches Nab2 activity, allowing increased activity of the LH␤ promoter through association with transcription-activating factors. CBP, cAMP response element binding protein-binding protein; Pol II, polymerase II; SRF, serum response factor. imply a decrease in LH␤ promoter activity, the decrease in SF1 mRNA coincides with maximal Egr mRNA induction.
The SF1 corepressor Dax1 does show a frequencydependent regulation of expression that appears at the mRNA level but is not seen at the protein level. The pattern of Dax1 expression predicts that overexpression of Dax1 will decrease basal levels of LH␤ promoter activity. We found this to be the case in our perifusion experiments, although the suppression was only moderate, to approximately 70% of control levels (Fig. 7B) . Interestingly, Dax1 overexpression also suppressed GnRH-mediated induction of LH␤ promoter activity, limiting it to 1.6-fold over unstimulated control levels compared with 3.8-fold for control levels. The constant levels of Nab and Dax1 proteins synthesized in response to low-frequency stimulation may cooperatively provide a threshold level of suppression that must be exceeded by constant, high-frequency stimulation by GnRH inducing stable levels of Egr family members. This causes a transition of promoter activity from a basal mode of transcriptional activation supported by SF1 and Dax1, to a dynamic mode of regulation supported by the interaction of Egr and Nab family members. Additionally, the activation of corepressor proteins in response to single or low-frequency stimulation suggests a role of these proteins analogous to a high-pass filter providing noise suppression. The Nab and Dax corepressors may limit activation of the LH␤ promoter by random inputs from uncoordinated GnRH stimulation or from other inputs that also utilize signaling intermediates that may induce Egr gene expression.
In conjunction with pulse frequency, pulse amplitude is also an important component of this regulatory model of GnRH action. It is important to note that at the 10 nM pulse amplitude the activation of Egr and Nab family members is similar in pattern to that observed at the 100 nM GnRH. Although similar levels of Nab mRNA were observed at both 10 nM and 100 nM pulse amplitudes, Egr mRNAs were induced at 10 nM to only 50% or less of the 100 nM level (supplemental material). More importantly, at the lower pulse amplitude, Egr mRNA quickly returns to basal levels whereas at the 100 nM pulse amplitude, a stable level of mRNA is maintained (Fig. 3) . Therefore, at lower pulse amplitude, a sustained level of Egr mRNA is highly dependent on pulse frequency.
Others have noted the different activation rates of genes by GnRH using tonic stimulation of gonadotropes in monolayer culture (37, 40) . Although generally comparable to tonic stimulation in perifusion culture, it is notable that high amplitude stimulation with GnRH causes sustained activation of Egr1 in perifusion, which was not reported previously. We have also compared tonic stimulation to various pulse frequencies and found that high-frequency pulses are capable of stable Egr induction in perifusion culture, but that the Nab corepressor proteins do not exhibit the same degree of dependence on pulse frequency. It is notable that the overall magnitude of induction is dependent on pulse amplitude, confirming earlier observations that the biosynthetic response to GnRH is coupled to amplitude of stimulation (37) . Of interest is the observation that pulse frequency sensitivity is independent of amplitude. A recent study of the GnRH response at the level of individual cells suggested that gonadotropes exhibit a response to increasing amplitude through a hybrid analog-digital mechanism that could serve to suppress noise caused by variable stimulation by the hypothalamus (34) . An important difference in our observations is that under pulsatile conditions in perifusion culture, GnRH signaling exhibits hysteresis in the form of stable Egr1 stimulation at high amplitude. We have not determined whether this occurs at the level of Egr1 itself or further upstream in the signaling network activated by GnRH. Current evidenced suggests that ERK signaling pathways do not exhibit hysteresis in response to GnRH stimulation, but it has been demonstrated in another ERK signaling system (52) . Some aspects of the Egr1/Nab2 feedback model, e.g. the simultaneous induction of positive and negative regulators, are consistent with the parallel redundant model of response to pulsatile hormone stimulation proposed by others modeling the GnRH signaling network (33) . Interestingly, both the hybrid analog-digital model of ERK activation and the model of Egr1/Nab2 feedback loop regulation serve to minimize noise in response to GnRH signaling and are not mutually exclusive explanations of regulation by pulsatile stimulation.
The Egr1/Nab2 feedback model of pulse frequencydependent regulation of the LH␤ promoter is consistent with two major aspects of gonadotropin gene expression. First, in a juvenile and peripubertal state in which GnRH release is sporadic or limited in amplitude, no significant activation of the LH␤ promoter will occur due to the preferential activation of Nab and Dax. However, FSH production can occur at low pulse frequencies and can still promote gonadal maturation. With the establishment of coordinated, high-level pulsatile release of GnRH from the hypothalamus, possibly established by gonadal-steroid feedback at the level of the hypothalamus, activation of the LH␤ promoter can be achieved through increased Egr expression sufficient to overcome Nab repression, and potentially, loss of Dax-mediated suppression. This presents an overall shift of the mode of LH␤ gene expression from basal expression mediated by SF1, to a dynamic mode of expression mediated by Egr1 and ultimately controlled by external GnRH input. Second, such a model of LH␤ gene regulation may play a role in the estrous cycle itself. Low pulse frequency GnRH stimulation may favor FSH production by gonadotropes due to active Nab and Dax suppression of LH␤ gene expression. The increased GnRH pulse amplitude and frequency preceding the LH surge may then favor increased LH production by the gonadotrope by increasing Egr expression and subsequent activation of the LH␤ promoter.
In summary, we have shown that GnRH pulse frequency causes distinct changes in gene expression by activating and suppressing genes in a pattern distinctive for each pulse regime. Examination of the patterns of gene expression has revealed a unique relationship in the regulation of immediate early Egr1 and Egr 2 genes responsible for GnRH-induced transcriptional activation of the LH␤ promoter and their cognate corepressors, Nab1 and Nab2. The pattern of expression of these factors predicts that frequency-dependent activation of the LH␤ promoter is inhibited by the Nab proteins, and we have shown this in a perifusion system. Therefore we have identified a potential mechanism by which gonadotropes can distinguish GnRH pulse frequency. The differential activation of Egr and Nab genes provides the basis for the frequency-dependent activation of the LH␤ gene and, ultimately, regulates the response of the gonadotrope to altered hypothalamic GnRH input.
MATERIALS AND METHODS
Materials
GnRH was purchased from Sigma Chemical Co. (St. Louis, MO). Rabbit polyclonal anti-Egr-1, anti-Nab1, anti-Nab2, anti-SF1, anti-Dax1, and horseradish peroxidase-linked antirabbit antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). DMEM and fetal bovine serum were purchased from Invitrogen (Carlsbad, CA). All other reagents were purchased from either Sigma or Fisher Scientific (Pittsburgh, PA).
Cell Culture
L␤T2 cells were maintained in monolayer cultures in DMEM supplemented with 10% fetal bovine serum and antibiotics in a humidified 10% CO 2 atmosphere at 37 C. For perfusion studies, cells were plated on cytodex 3 microcarrier beads (GE Healthcare, Buckinghamshire, UK) at a density of 1.5 ϫ 10 7 cells/ml bed volume. After culture for 5 d, cells were pelleted by spinning at 1000 ϫ g for 1 min, resuspended in 10/ml serum-free DMEM with antibiotics, repelleted, and placed in 10 ml serum-free DMEM 16 h. Cells were then loaded into perifusion columns and equilibrated for 1 h in serum-free DMEM supplemented with penicillin and streptomycin at a flow rate of 300 l/min. Subsequently, cells were pulsed for 2 min once or at 28-, 58-, and 118-min intervals or given tonic 10 or 100 nM GnRH for 4 h for the microarray studies, or 6 h for the transfection studies. Perifusion chambers were constructed from C10 chromatography columns (GE Healthcare) with modified flow adapters and cells were maintained by perifusion with DMEM equilibrated in an atmosphere of 5% CO 2 using a minipulse 3 peristaltic pump (Gilson, Middleton, WI). LabView (National Instruments, Austin, TX) virtual instrumentation software and a KPCI-3108 (Keithley Instruments, Cleveland, OH) analog-digital I/O card were used to control perifusion system functions and monitor instrumentation. Pump rate and output from a UV1 chromatography monitor (GE Healthcare) measuring 405 nm absorbance of phenol red tracer dye in GnRH-containing medium was accomplished using an STP-36 (Keithley Instruments) analog interface. Programmed actuation of SV-50 solenoid valves (GE Healthcare) drawing on vehicle or GnRH-containing medium was accomplished using STP-3108D1, ERA-01 relay, and an ADP 5047 interface (Keithley Instruments). Pulse profile analysis, charting, and regressions of calibration curves were performed using PeakFit and Sigma-Plot (Systat, Point Richmond, CA).
Gene Expression Profiling in L␤T2 Gonadotrope Cells
Total RNA was harvested from perifused cells using Trizol LS and purified on RNeasy spin columns (QIAGEN, Valencia, CA). The RNA was quantified and its integrity checked by agarose gel electrophoresis. RNA (10 g) from each condition was analyzed on Affymetrix mouse MU74Av2 gene chips. Duplicates were run for each condition with independently isolated RNA from independent experiments.
The raw expression values derived from Affymetrix Microarray Suite software (MAS 5) were imported into VAMPIRE without prior normalization. We have previously shown that the statistical approach implemented in VAMPIRE finds the majority of genes found by standard ANOVA approaches as well as many genes that are missed by the other methods (38) . VAMPIRE is also more robust than ANOVA-based procedures at low sample number. Initially we compared cells perifused with serum-free medium to cells pulsed with GnRH at each frequency. A Bonferroni multiple testing correction (␣ Bonf Ͻ 0.05) was applied to identify only those genes with the most robust changes. The genes altered at each frequency were combined to give a complete list of pulseregulated genes. This approach was then used for pairwise comparisons for each frequency of GnRH treatment against each other frequency. The list of pulse-regulated genes was imported into GeneSpring (Agilent Technologies, Palo Alto, CA). The genes were clustered by hierarchical clustering using Pearson correlation as a measure of similarity. Data were median normalized for visualization with green indicating below-median and red indicating above-median expression. To identify genes that show a stepped increase or decrease in expression at a particular pulse frequency, we designed synthetic genes with the hypothetical expression profiles. We then used these profiles to search for genes the expression profiles of which correlated with the synthetic gene with r Ͼ 0.90 using GeneSpring. The expression profiles of these stepped expression clusters were generated, and lists of genes with their correlation coefficients were saved. Lists of genes altered at each pulse frequency generated by VAMPIRE were mapped to gene ontology terms using the program GOby to determine whether any GO classifications were overrepresented (39) . Multiple testing correction (␣ Bonf Ͻ 0.05) was applied to minimize GO terms arising as false positives. Gene Set Enrichment Analysis was performed using the GeneSet Enrichment Analysis software on the complete dataset as described (53) .
Verification of RNA Expression by Quantitative RT-PCR
Total RNA was reverse transcribed and amplified by Q-PCR using 6-carboxy-fluorescine-labeled fluorescent locked nucleic acid probes (Exiqon, Vedbaek, Denmark). Ct values were extracted by manually setting the threshold midway between basal and maximal fluorescence on a log 10 scale. Serial dilutions of plasmid or positive control RNA were run in parallel to determine amplification efficiency for each gene, and statistically significant changes were determined using the software REST (54) .
Western Blotting
L␤T2 cells were grown to confluence in six-well plates, washed once with PBS, and incubated in serum-free medium overnight. Cells were stimulated with agonists for various times at 37 C. Thereafter, cells were washed with ice-cold PBS, and then lysed on ice in sodium dodecyl sulfate sample buffer (50 mM Tris; 5% glycerol; 2% sodium dodecyl sulfate; 0.005% bromophenol blue; 84 mM dithiothreitol; 100 mM sodium fluoride; 10 mM sodium pyrophosphate; and 2 mM sodium orthovanadate, pH 6.8), boiled for 5 min to denature proteins, and sonicated for 5 min to shear the chromosomal DNA. Equal volumes (30-40 l) of these lysates were separated by SDS-PAGE on 7.5 or 10% gels, electrotransferred to polyvinylidene difluoride membranes (Immobilon-P, Millipore Corp., Bedford, MA). The membranes were blocked with 5% nonfat dried milk in Tris-buffered saline-Tween (50 mM TrisHCl, pH 7.4; 150 mM NaCl; 0.1% Tween 20) . Blots were incubated with primary antibodies in blocking buffer for 60 min at room temperature and then incubated with horseradish peroxidase-linked secondary antibodies followed by chemiluminescent detection.
Transfection and Promoter Activity Assays
In the perifusion experiments, 12-15 ϫ 10 7 cells were plated on a 1-ml bed volume of cytodex 3 microcarrier beads in a 10-cm Petri dish with DMEM supplemented with 10% fetal bovine serum, penicillin, and streptomycin and grown for 5 d in an atmosphere of 5% CO 2 . Subsequently, cells were washed once in fresh DMEM and plated in serum-free DMEM supplemented with penicillin-streptomycin and transfected with 4 g of a 1:1:2 ratio of pGL3-rLH␤-1.8 reporter plasmid (42) : either pCMV-Sport 6 or pCMV-Sport 6 encoding the noted cDNAs, and pGL3-CMV-␤Gal, an internal control reporter bearing the CMV immediate early promoter and a substitution of the pGL3 luciferase coding sequence with the coding sequence of Escherichia coli ␤-galactosidase (42) . Transfections were performed using Fugene 6 according to the manufacturer's recommendations. After 16 h, cells were loaded into the perifusion chambers as described above and pulsed with GnRH. After the perifusion, Cells were lysed in 100 mM PBS containing 0.1% Triton X-100, vortexed for 30 sec, and clarified by centrifugation at 14,000 ϫ g. Cell lysates were assayed directly for luciferase (Luciferase Assay System, Promega) and ␤-galactosidase (Galacto-Light Plus, Tropix, Bedford, MA) activity according to manufacturer's instructions in a 96-well plate using a Veritas microplate luminometer (Turner Biosystems, Sunnyvale, CA) L␤T2 cells were maintained in 10-cm diameter dishes in DMEM-supplemented cell lysates with 10% FBS at 37 C with 10% CO 2 . On the day before transfection experiment L␤T2 cells (3 ϫ 10 5 cells per well) were plated in 12-well plates (BD Biosciences, San Jose, CA). For transfection, the media were changed to fresh DMEM with 10% FBS. Transfection was performed using Fugene 6 reagent (Roche Applied Science, Indianapolis, IN) following manufacturer's protocol. Each well was transfected with 500 ng of Ϫ150LH␤ or pGL3-rLH␤1.8 reporter plasmid, 50 ng of tk-lacZ, and 50 ng of each expression vector. Empty vectors were used to balance DNA mass as necessary. The following day, the cells were switched to serum-free DMEM supplemented with 0.1% BSA. After incubation for 24 h, the cells were treated with vehicle or 100 nM GnRH for 6 h. Cell lysates were assayed for luciferase and ␤-galactosidase activity as above.
Statistical Analysis
Microarray data were analyzed using VAMPIRE as described in Results; confirmatory Q-PCR data were analyzed by permutation testing for the Q-PCR data. Other data were analyzed using JMP version 5.1 (SAS, Carey, NC). Data were obtained from at least three independent experiments. If necessary, data were corrected for heteroscedasticity and nonnormal residual error by optimal Box-Cox transformation and then subjected to ANOVA using the linear modeling platform. Significance was determined using appropriate post hoc tests at a critical value of ␣ ϭ 0.05. Student's t test was used for specific pairwise comparisons and Dunnett's Comparison to Control or Tukey's honestly significant difference was used for multiple group comparisons. Significance was declared at P Յ 0.05.
